This work revisits the pentaquark episode, particularly in reference to lattice QCD, to collect in one place the lessons that have been or should be learnt. This also examines whether, and if yes, where, there might be any prospect for future studies of pentaquarks and the role of lattice QCD in it. Tests such as volume dependence, and hybrid boundary conditions to distinguish bound and scattering states are identified as the positives to take forward from this episode. On the other hand it is also observed that pentaquarks with heavier quark content and in the SU(3) f limit may still be worth not forgetting, and in that case lattice QCD may have an important role to play.
Introduction
The claimed pentaquark observations followed by seemingly conflicting sets of evidence from several experiments and and similarly confusing conclusions in related theoretical studies that generated a good deal of excitement for some time are now fading into the past. However, this episode has left behind interesting lessons in general, as well as for lattice QCD. Here an attempt is made to collect in one place, before we forget, the lessons learnt for lattice QCD.
Background
There is nothing in QCD forbidding tetra-, penta-, hexa-. . . quark states. Manifestly exotic baryonic states, i.e. states with quantum numbers that cannot be assigned to any single three-quark state, e.g. the S = +1 channel have therefore attracted a lot of attention. In fact, in the late 50's, even before the introduction of quarks, the KN (K + p) system was being studied. This got more extensive from the late 60's. Then, these were known as Z-resonances or baryons. By the mid 70's, things were heating up, with Particle Data Book 1976, devoting ten pages on the S = +1, Z * system:
. . . Three quarks cannot produce S = +1 baryon resonances (Z * )'s, and this has probably been the primary motivation for the great amount of experimental effort that has gone into S = +1 baryon physics below ∼2 GeV/c during the last several years.
This optimism, however, seemed to die out in the following decade with a three-page review in Particle Data Book 1986, and then a damning verdict in the last review of the Z + system in Particle Data Book 1992: [2] . Ironically, the conference was titled PANIC.
On the experimental side, after conflicting results from different experiments for a couple of years, the negative experimental evidence started overriding the positive evidence. Most of the positive experiments have been contradicted either by the an upgraded version of the same experiment or an independent one at higher statistics. The few remaining positive experiments are also in contradiction with negative experiments as well as within positive experiments themselves, in particular, with the spread of the peaks being too large to be statistically accounted for. Further details are available in reviews e.g. [3] . Overall, it can be said without much hesitation that, experimentally the Θ + and its partner pentaquark (Ξ 
Position of lattice QCD
Lattice QCD is the only way to do a non-perturbative QCD calculation from first principles, i.e. in a model-independent manner. Lattice QCD does have some, not always well-appreciated, limitations as well as strengths. Nevertheless, there was a good deal of expectation placed on the lattice community. This expectation is portrayed in the following quotes from the following quotes from Jaffe and Wilczek [4] and Lipkin [5] respectively
"On the theoretical side, one important direction is to bring the power of lattice gauge theory to bear on these issues." and "There is therefore interest both in experimental searches for the P cs and in lattice gauge calculations. The simplest lattice calculation with an infinitely heavy charmed antiquark and four light quarks uuds can easily be done in parallel . . . both in the symmetry limit where all light quarks have the same mass and with SU(3) symmetry breaking"
But what has been the response? Against over five hundred, perhaps many more, non-lattice papers, there were less than two dozens of lattice papers from ten groups, most of which are listed [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16] and others omitted for brevity.
Initially there was almost some kind of frustation, as if more was expected of the lattice community, prompting remarks such as [17, 18] figure] 1/V -type volume dependence characteristic of two-body system (no dependence expected for bound state) [9] , [middle figure] states shifted for hybrid boundary condition and (no shift expected for bound state) [11] and [right figure] mass splitting has a positive slope (negative expected for bound state) [13] • Scattering vs. bound state As opposed to single particle states, two-particle ones have explicit 1/V -volume dependence. The Kentucky group [9, 10] were the first to report a very careful analysis addressing most issues, including this, rigorously and indeed they have observed the volume dependence characteristic of KN scattering states.
The Tsukuba group [11] has introduced a novel method using hybrid boundary conditions (HBC). They have used different boundary conditions for different flavours: anti-periodic for u, d and periodic for s. K(us) and N(udd) feel anti-periodic boundaries whereas Θ + still has periodic boundaries. KN has non-zero momentum even in s-wave, lifting it above the Θ + threshold. Bound Θ + (uudds) should experience no shift. But it shows KN scattering state type behaviour.
In a comprehensive analysis with most suggested types of operators, the Adelaide group has suggested using the mass splitting with NK state for analysis. They consider the mass dependence of the splitting with a negative slope being expected for bound states. For all types of operators (with one questionable exception) they have observed a positive slope leading to the conclusion that no signal of a bound state is observed.
These three tests seem to be among the main gains for lattice QCD from this episode. These are summarised in Fig. 3 .1
• What operator to use?
A good deal of effort has been put into trying different operators. Cross correlator approach seems to have emerged as the preferred one with the use of a set of interpolating operators.
Operators have been suggested such that Θ + |O Θ |0 ≫ KN|O KN |0 . But with KN|Θ + = 0 whatever operator is used, the lowest state will be the KN. This seems be confirmed from an important additional observation of [13] (not stressed by the authors themselves) evident from Fig. 3 .1 that the few different operators and actions produced similar masses and many different calculations using different formalisms get very similar masses for the states. Care, however, should be taken before generalising this conclusion.
Briefly, what we have gained from this episode is a much better understanding of limitations of lattice simulations and issues related to simulation of states above threshold, particularly, iden- tification of bound and scattering states using volume effects, hybrid boundary conditions, mass dependence of splitting etc.
If we accept what is seen in [12, 14] to be lattice artifacts or contamination from nearby states and the analysis of [7] to be questionable, then it seems we now have a consensus that whatever has been observed in lattice studies are scattering states.
Summary
It is very intriguing to note how experiments and theoretical studies in lattice QCD and sum rules followed very similar cirquitious paths, going into misleading directions, but in the end reaching similar conclusions. This exposed how much we scientists, despite trying to stress on objectivity, are bound by human limitations of being prejudiced by what is going on around us. I have a long quote below from a sum rules review [19] of this episode only adding a "LQCD"(for lattice QCD) alongside the QCDSR (for QCD sum rules). Apart from saving me the trouble of writing this section myself, this illustrates strikingly how we all went through the same learning curve. 
"The first works on

Outlook for pentaquarks
As mentioned in the end of the last section, lattice QCD seems to have gained more from than it has contributed to the episode. It is time we do something to return the favour. But what can we do?
The recent observations not being sustained only means that there is no stable (narrow width) pentaquark state in this region. It does not at all imply that there are no pentaquarks, in fact still nothing in QCD forbids such multiquark states. It, however, is possible that all such states simply fall apart. There are indeed some interesting predictions: e.g. (a) some quark models predict better binding for Θ c and Θ b (e.g., [4] ), (b) some predict binding in the infinite b-quark mass (static) limit (e.g., [20] ), (c) some predict better binding for Qwhen one or two of the qs is a strange quark (e.g., [5, 22] ), (d) relations e.g. m(QQq) + m(qqq) ≤ m(Qqq) + m(Qqq) suggest that QQcould be bound, (e) some predict binding in the SU (3) f limit (e.g., [23] ) etc. What make it more interesting for lattice QCD are the facts that, (a) the Θ b and Qsqqq, QQstates are still difficult experimentally, (b)the static and SU (3) f limits do not exist in experiments, but do exist in lattice QCD.
It seems, here is another area where lattice QCD can go ahead of experiments.
Conclusions
Despite initial fumbles, the episode with the Θ + has enriched our understanding. In particular we have learnt and/or refined important techniques to separate scattering states from bound states. Any future simulation of above/near-threshold states would have to satisfy these tests, e.g.
• volume effects
• hybrid boundary conditions
• mass dependence of splitting And, there might still be interesting areas in pentaquark spectroscopy, where lattice QCD can make valuable contributions, in fact, even precede experiments, particularly for cases of
• one or more heavy/heavier quarks
• static limit
• SU (3) f limit.
